(VIAAT, Fig. S7C ). The specificity of main primary antibodies is shown for cytomatrix protein at the active zone CAST by blank labelings by immunoblot and immunohistochemistry in CAST-KO mice (Fig. 1H, Fig. S7D-S7F) ; neurexins (Nrxns) by detection of >150 kDa protein bands in the brain and HEK293T cell lysates transfected with Nrxn1α-3α ( Fig. S7G and S7H) ; D 1 R and D 2 R by the lack of immunolabeling in D 1 R-KO and D 2 R-KO mice (Fig. S7I-S7L ); DARPP32 by selective detection of 32 kDa protein band in the brain and HEK293T cell lysates transfected with DARPP32, similar patterns of DARPP32 immunohistochemistry and in situ hybridization, and lack of DARPP32 immunolabeling in striatal interneurons ( Fig.   S7M -S7Q); gepherin by extensive overlap with NL2 clusters in the striatum and vice versa (Fig. S7S) ; NL3 by overlap with NL2 clusters (yellow arrows) and wider distribution than NL2 (white arrows) in the striatum (Fig. S7T ).
Immunoblot. Whole brains were homogenized using a Potter homogenizer with 15 strokes at 1000 rpm in 10 volumes of ice-cold homogenizing buffer containing 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 10 mM Tris-HCl (pH 7.2), and 0.4 mM phenylmethylsulfonyl fluoride. Homogenized samples were centrifuged at 1000 × g for 10 min to remove nuclear fractions. To prepare lysates of transfected cells, HEK293T cells (2 × 10 6 ) were transfected with mammalian expression vectors using the calcium phosphate precipitation method, harvested 24-48 h after transfection, and sonicated in 10 volumes of ice-cold homogenizing buffer. Mammalian expression plasmid vectors pCAG-HA-Nrxn1α, pCAG-HA-Nrxn2α, and pCAG-HA-Nrxn3α were kind gifts from Dr. Kensuke Futai (University of Massachusetts Medical School). NL1-4, GABA A Rα1, and DARPP32 cDNAs were amplified from a mouse cDNA library by PCR, subcloned into pTracer-GFP (Life Technologies), and sequenced. The lysates were denatured in 50 mM (±)-dithiothreitol at 65°C for 30 min. Proteins were separated by SDS-PAGE and electroblotted onto transfer membranes (Immobilon-P; Millipore). Membranes were successively incubated with 5% skimmed milk for 30 min, primary antibody (1 μg/ml) for 1 h, and peroxidase-linked secondary antibody (1:10000; Jackson ImmunoResearch) for 1 h. Tris-buffered saline (pH 7.5) containing 0.1% Tween 20 was used as a diluent and washing buffer. Proteins were visualized with ECL prime western blotting detection reagent (GE healthcare).
Immunofluorescence. All incubations were performed at room temperature.
Sections were incubated successively with 10% normal donkey serum for 20 min, a mixture of primary antibodies overnight (1 µg/ml), and a mixture of species-specific secondary antibodies for 2 h at a dilution of 1:200 (Life Technologies; Jackson ImmunoResearch; Abcam; Biotium). Combinations of primary and secondary antibodies for multiple immunofluorescence are listed in Table S2 . For the detection of GABA A Rα1, microslicer sections were subjected to antigen exposure pretreatment before normal donkey serum blocking: 1 mg/ml pepsin in 0.2N HCl at 37°C for 30-60 sec. Phosphate buffer saline (PBS) containing 0.1% Tween 20 was used as a dilution and washing buffer. Images were taken with a confocal laser-scanning microscope equipped with 405-, 473-, 559-, and 647-nm diode laser lines and UPLSAPO 10× (NA, 0.4), PLAPON 60×OSC2 (NA, 1.4; oil immersion), and UPLSAPO 100×S (NA, 1.35; silicone oil immersion) objective lenses (FV1200, Olympus) under the following microscopic settings: zoom factor, 1, 4, 6, and 10; image size, 640×640 pixels; pinhole size, 1 airy unit. Fig. S1H and S2G-S2I were taken with an FV-OSR software module (Olympus) to obtain super-resolution images. To obtain high resolution images shown in Fig. 1A, 1B , S4A, and S7A-S7C, series of images were taken with a UPLSAPO 10× Uchigashima et al. (5) objective lens (zoom facter 1.3, 256 × 256 pixels) were stitched using FV10-ASW 3.0 (Olympus).
Quantitative assessment of dopamine and GABAergic synapses on
GFP-labeled dendrites. To assess the density and molecular expression of dopamine and GABAergic synapses on dendrites of given neuronal types, we labeled single neurons with green fluorescent protein (GFP) by injecting lentiviral vector to the striatum of mice at 4 weeks of age under chloral hydrate anesthesia (350 mg/kg/body weight, i.p.). The lentiviral vector system with murine stem cell virus promoter (MSCV) was kindly provided by St. Jude Children's Research Hospital. The original lentivector pCL20c-MSCV-GFP was modified by adding the woodchuck hepatitis post-transcriptional regulatory element (WPRE) sequence downstream of GFP to enhance GFP expression. Injected mice were fixed 1-2 months later by transcardial perfusion of fixative and processed for multiple immunofluorescence.
We randomly selected GFP-labeled dendrites that ran near and parallel to the section surface, and obtained their z-stacked image series consisting of 20-50 optical sections in steps of 0.2 µm with PLAPON 60×OSC2 and a zoom factor of 6 or 10 for 3D-reconstruction with Imaris (Bitplane) or ImageJ (imagej.nih.gov) software.
Dopamine and GABAergic synapses were defined as NL2-or gephyrin-positive clusters on GFP-labeled dendrites in contact with TH-labeled dopaminergic terminals or VIAAT-labeled GABAergic terminals, respectively. Apposition of the three fluorescences was confirmed by images of the X-Y, X-Z, and Y-Z planes. For quantification, we sampled 5-10 dendrites (>10 µm in length and 0.75-1.5 µm in diameter) from each of three mice in each group. The mean length (µm) and the mean diameter (µm) of analyzed dendrites (mean ± SEM) were as follows: 17.7 ± 1.4/1.08 ± Uchigashima et al. (6) 0.03 for d-MSNs ( Fig. 4B ), 18.0 ± 1.4 and 1.13 ± 0.04 for i-MSNs ( Fig. 4C ), 17.5 ± 0.87 and 1.09 ± 0.06 for PV-positive interneurons ( Fig. S4C ), 18.9 ± 2.1 and 0.98 ± 0.04 for nNOS-positive interneurons (Fig. S4D ), 15.1 ± 2.0 and 1.10 ± 0.06 for CHT-positive interneurons ( Fig. S4E ), 20.1 ± 1.2 and 1.04 ± 0.03 for control neurons (Fig. 6A , S6D, S6J), 17.5 ± 2.8 and 0.96 ± 0.03 for NL2-KD#1 neurons ( Fig. 6B , S6E, S6K), and 21.8 ± 2.8 and 1.02 ± 0.03 for NL2-KD#2 neurons ( Fig. 6C , S6F, S6L). Dendritic spines were also sampled from 6 spiny dendrites from each of three mice. The mean length (µm) of dendritic spines was 1.45 ± 0.03 for d-MSNs and 1.52 ± 0.03 for i-MSNs ( Fig.   4D , filled columns). The density of synapses was shown as mean ± SEM of synapse numbers per 10 µm of dendritic shafts or spines. Fluorescent intensities for gephyrin, NL2, and NL3 clusters on GFP-labeled dendritic shafts (mean ± SEM) were measured from 3-4 dendrites in each of three mice, and the background level, as estimated from those in the nucleus, was subtracted ( Fig. S6H , I, M). All the images presented in this study were taken as single optical sections.
Criteria of synapses. Synapses were identified by electron microscopy as interneuronal junctions with the following specializations: rigid and parallel apposition of the apposed membranes, the extracellular space stuffed with some electron-dense materials, accumulation of synaptic vesicles and fuzzy active zone in presynaptic elements, and attachment of the postsynaptic density (PSD) to the cytoplasmic side of the postsynaptic membrane. Asymmetric synapses were defined as synapses whose postsynaptic membrane is attached by thick PSD, by which the postsynaptic specialization appeared more dense than the presynaptic specialization (1). In comparison, symmetrical synapses were defined as those having pale and thin PSD, with almost comparable thickness between the postsynaptic and presynaptic Uchigashima et al. (7) specializations.
By post-embedding immunogold electron microscopy, we identified dopamine synapses as TH-labeled symmetric synapses, GABAergic synapses as VIAAT-labeled symmetrical synapses, and glutamatergic synapses as asymmetrical synapses without TH or VIAAT labeling. To minimize the sampling of false-positive dopamine and GABAergic synapses, we only analyzed symmetric synapses having 5 or more metal particles for TH or VIAAT, respectively, on the presynaptic cytoplasm excluding the mitochondria. The mean and SEM of data obtained from postembedding immunogold analysis were calculated from the mean values of three mice in each group, as shown in Table S3 .
Pre-embedding immunoelectron microscopy. For single-label pre-embedding immunogold electron microscopy for D 1 R ( Fig. 2A ), D 2 R (Fig. 2B ), DAT ( Fig. S5G , H), and VMAT2 ( Fig. S5K , L), microslicer sections were dipped in Blocking Solutions (Aurion) for 30 min, and incubated overnight with primary antibodies to D 1 R (guinea pig), D 2 R (rabbit), DAT (rabbit), and VMAT2 (rabbit) (1 µg/ml) diluted with 1% BSA/0.004% saponin in PBS and then with secondary antibodies linked to 1.4-nm gold particles (1:100, Nanogold; Nanoprobes) for 2 h. After postfixaion with 1% glutaraldehyde in PBS for 15 min, immunogold was intensified with a silver enhancement kit (R-GENT SE-EM; Aurion) for 30-60 min.
For double-label pre-embedding immunoelectron microscopy ( Fig. 2D , E), sections labeled for guinea pig D 1 R or D 2 R antibody (metal particles) were further incubated for TH labeling. After blocking with 10% normal guinea pig serum for 30 min, sections were incubated for rabbit TH antibody (1 µg/ml) overnight, biotin-conjugated donkey anti-rabbit secondary antibody (1:200; Jackson ImmunoResearch) for 2 hr, and peroxidase-conjugated streptoavidin (Nichirei) for 30 min. TH labeling was visualized as 3,3'-diaminobenzidine (DAB) precipitates with a DAB substrate kit (SK-4100; Vector). Immunolabeled sections were treated with 1% osmium tetroxide for 15 min, block-stained with 2% uranyl acetate for 20 min, dehydrated with a graded ethanol series and propylene oxide twice for 10 min each, and embedded in Epon 812 (TAAB). Ultrathin sections were prepared with an ultramicrotome (Ultracut; Leica) and mounted on copper mesh grids.
Quantitative measurement for pre-embedding immunoelectron microsocpy. To avoid uneven antibody penetration, electron micrographs were taken within 5 µm (D 1 R or D 2 R in Fig. 2A , B, D, E; VMAT2 in Fig. S5K , L) or 10 µm (DAT in Fig. S5F, G) from the surface of sections subjected to pre-embedding immunoelectron microsocpy.
To quantify metal particle labeling for D 1 R or D 2 R (Fig.2C ), 3×4 montage images (approximately 3.6 µm × 4.8 µm) were randomly taken at a magnification of 20000×. In double-label pre-embedding immunoelectron microscopy for TH and D 1 R or D 2 R ( Fig.   2G ), we searched dendrites, whose profiles formed TH-labeled dopamine synapses and had three or more metal particles for D 1 R or D 2 R, at a magnification of 4000×. Then, 3×3 montage images (approximately 3.6 µm × 3.6 µm) over dopamine synapses were taken at a magnification of 20000×, and 4-7 dopamine synapses were sampled from each of three mice in each group. The density of labeling was calculated per 1 µm of the synaptic, perisynaptic, and extrasynaptic membranes.
Metal particles for VMAT2 were also measured at dopamine synapses as the density per 1 µm 2 of the cytoplasm (Fig. S5M ) by sampling nerve terminals, which contained five or more particles for VMAT2 and formed symmetric synapses with dendriteic shafts and spines. We took 3×3 montage images (approximately 3.6 µm × 3.6 Uchigashima et al. (9) µm) at a magnification of 20000×, with 5-8 terminals from each of three mice in each group.
Post-embedding immunoelectron microscopy. Double-label post-embedding immunogold electron microscopy was employed to quantify molecular expression at TH-labeled dopamine synapses ( Fig. 1E, 1G , II, 3D-F, S2J, S2K, S3S, S3E, S5P, S5Q, S5U, S5V) or at VIAAT-labeled GABAergic synapses ( Fig. 1D , S1I-L, S3A-C).
Ultrathin sections on nickel grids were successively treated with the following solutions: saturated sodium ethoxide for 2 sec, 50 mM glycine in incubation solution (0.03% Triton X-100 in Tris-buffered saline, pH 7.4; TBST) for 10 min, blocking solution containing 2% normal goat serum in TBST (GTBST) for 10 min, primary antibodies (1:1000 dilution for GABA antibody and 20 μg/ml for CAST, , D 1 R, D 2 R, GABA A Rα1, gephyrin, NL2, NL3, Nrxn pan-AMPAR, PSD-95,) diluted in GTBST overnight, and colloidal gold-conjugated (10 nm diameter) secondary antibodies (1:100; British BioCell International) in GTBST for 2 hr. After blocking with 2% normal rabbit or guinea pig serum in TBST, sections were subjected successively to mouse or rabbit TH antibody or rabbit or guinea pig VIAAT antibody in GTBST (20 or 10 µg/ml, respectively) for 6 hr and colloidal gold-conjugated (15 nm diameter) secondary antibodies (1:100; British BioCell International) in GTBST for 2 hr. Sections were washed thoroughly in distilled water, and stained with 5% uranyl acetate in 40% EtOH for 90 sec and Reynold's lead citrate solution for 90 sec. Photographs were taken with a JEM1400 electron microscope (JEOL).
Quantitative measurement for post-embedding immunoelectron microscopy.
First we searched asymmetrical synapses or symmetrical synapses with immunogold labeling for TH or VIAAT at a magnification of 5000×, and took 3×3 montage images Uchigashima et al. (10) (approximately 2.4 µm × 2.4 µm) of glutamatergic, dopamine, and GABAergic synapses at a magnification of 30000×. To measure the density of presynaptic labeling for Nrxn ( Fig. 1J , S1) and postsynaptic labeling for GABA A Rα1, gephyrin, NL2, NL3, PSD-95, and AMPAR ( Fig. 3G -I; Fig. S3F , S3G, S5R, S5W), immunogold particles < 20 nm apart from the center of the cell membrane were measured. In assessment of presynaptic labeling for CAST ( Fig. 1H ), we counted immunogold particles < 40 nm from the center of the presynaptic membrane. We examined 5-15 dopamine, GABAergic, or glutamatergic synapses from each of three mice in each group, with the number of analyzed synapses ranging < 7 synapses in the same groups. Metal particles for GABA were also measured at dopamine, GABAergic, or glutamatergic synapses as the density per 1 µm 2 of the cytoplasm excluding the mitochondria (Fig. 1F ).
The density of D 1 R and D 2 R labelings on the synaptic, perisynaptic, and extrasynapti membranes at around dopamine synapses ( Fig. S2L , M) was calculated by measuring immunogold particles < 20 nm apart from the center of the cell membrane in contact with TH-labeled dopamine terminals. From each of three mice, 17-20 dendritic profiles forming dopamine synapses were analyzed. The density of immunogold labeling at given synapse types or compartments was calculated as that per 1 µm of the synaptic, perisynaptic, and extrasynaptic membranes.
Dopamine synapse density. The density of dopamine synapses in the striatum was compared between NL2-KO and wild-type mice by measuring the nearest neighbor distance ( Fig. S5H ). Dopamine synapses, which were labeled with five or more metal particles for DAT and formed symmetric synapses on dendritic shafts and spines, were sampled, and their 5×5 montage images (approximately 11 µm × 11 µm) were taken at a magnification of 10000×. We measured distances from the center of the postsynaptic membrane of given dopamine synapses to that of the nearest ones, and the mean nearest neighbor distance was calculated by sampling 5-8 dopamine synapses from each of three mice in each group.
Knockdown by microRNA. For miR-based knockdown, we used the BLOCK-iT Pol II miR RNAi Expression Vector Kits (Life Technologies) according to the manufacturer's instructions. pCL20c-MSCV-GFP-miR-WPRE was obtained by inserting the following miR sequences into pCL20c-MSCV-GFP-WPRE: For viral injection in newborn pups, deep anesthesia was obtained by lowering the body temperature on ice, and the skull was fastened with a hand-made stereotaxic instrument. A glass pipette (G-1.2; Narishige) filled with 0.5 µl of viral solution was inserted into the striatum. Viral solutions were injected by air pressure (Pneumatic Picopump; World Precision Instruments). Injected mice were fixed 2 months later by transcardial perfusion of fixative as described above.
Co-culture assay. Co-culture experiments were performed according to previous methods with modifications (32) . Briefly, the midbrain and striatum from newborn mice were collected in ice-cold Hank's balanced solution (HBS), and dissociated in 0.25% trypsin/HBS for 10 min and 0.25% trypsin/0.1% DNaseI/HBS for 5 min at 37°C. Dissociated neurons were suspended in neuronal basal medium supplemented with B-27 solution (both from Life Technologies) and GlutaMAX, seeded on plastic dishes coated with 5% Matrigel (BD Biosciences) at a density of 1-3 × 10 4 cells/cm 2 , and incubated at 5% CO 2 . After 9-11 days in vitro, HEK293T cells transfected with pTracer-NL1, pTracer-NL2, pTracer-NL3, pTracer-GABA A Rα1, and pEGFP-N1 (Clontech) were seeded on the primary midbrain or striatal culture at a density of 2 × 10 4 cells/cm 2 . After 48 hr, cells were fixed with 4% paraformaldehyde in 0.1M PB for 10 min at room temperature for immunofluorescence.
Statistical analysis. For quantitative comparison, immunofluorescence data Uchigashima et al. (13) from three mice in each group were pooled together and are presented as the mean ± SEM. Statistical significance was assessed by Mann-Whitney U test (for comparison of two independent samples) or one-way ANOVA with Tukey's post hoc test (for comparison of more than three independent samples). Statistical significance of quantitative electron microscopic data was assessed by unpaired t test, because no significant differences were found in variances between two independent samples by F-test. Uchigashima et al. (14) VMAT2, vesicular monoamine transporter-2. *1, Nrxn1α antibody also recognizes Nrxn2α and Nrxn3α owing to high C-terminus homology (Fig. S8H ).
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Table S2
List of antibodies used for immunohistochemical data. 
